The recent observations of Singh et al. (2012) have shown multiple plasma ejections and the intermittent nature of magnetic reconnection in the solar chromosphere, highlighting the need for fast reconnection to occur in highly collisional plasma. However, the physical process through which fast magnetic reconnection occurs in partially ionized plasma, like the solar chromosphere, is still poorly understood. It has been shown that for sufficiently high magnetic Reynolds numbers, Sweet-Parker current sheets can become unstable leading to tearing mode instability and plasmoid formation, but when dealing with a partially ionized plasma the strength of coupling between the ions and neutrals plays a fundamental role in determining the dynamics of the system. We propose that as the reconnecting current sheet thins and the tearing instability develops, plasmoid formation passes through strongly, intermediately, and weakly coupled (or decoupled) regimes, with the time scale for the tearing mode instability depending on the frictional coupling between ions and neutrals. We present calculations for the relevant time scales for fractal tearing in all three regimes. We show that as a result of the tearing mode instability and the subsequent non-linear instability due to the plasmoid-dominated reconnection, the Sweet-Parker current sheet tends to have a fractal-like structure, and when the chromospheric magnetic field is sufficiently strong the tearing instability can reach down to kinetic scales, which are hypothesized to be necessary for fast reconnection.
Introduction
Magnetic reconnection is a ubiquitous process where magnetic fields undergo topological rearrangement and which converts the magnetic energy into heat and various forms of plasma energy. Some of the key issues related with magnetic reconnection are:
1. How does fast magnetic reconnection occur and what determines the reconnection rate? Two-dimensional magnetohydrodynamic (MHD) simulations of coronal magnetic reconnection show that the reconnection rate depends strongly on the resistivity model (Yokoyama et al. 1994 ). In the case of uniform resistivity, the reconnection becomes steady SweetParker type, while in the case of anomalous resistivity, the reconnection tends to non-steady Petschek type. Apart from the anomalous resistivity, the Hall effect also plays an important role in facilitating the fast reconnection. (Øieroset et al. 2001; Cassak et al. 2005; Cassak et al. 2007; Drake et al. 2008; Ren et al. 2008) . It is however not clear whether the Hall effect and anomalous resistivity operate and interact simultaneously in an astrophysical environment. 2. The anomalous resistivities required to explain the fast reconnection rate are spatially localized (e.g. Singh & Subramanian 2007) . In this case, how can one reconcile the enormous gap between macroscopic scales (e.g. solar flares ∼ 10 4 km) and microscopic scales required to explain the reconnection rate? 3. How does magnetic reconnection occur in partially ionized, highly collisional plasma? The solar chromosphere is partially ionized and fully collsional. Anomalous resistivity appears in a collisionless plasma, but, because of the incredibly small scales with which it is associated, it is quite unlikely that it will play a role in the solar chromosphere. The importance of partially ionized plasma on magnetic reconnection in solar chromosphere is realized in some of the recent studies Zweibel et al. 2011; Leake et al. 2012 Leake et al. , 2013 Ni et al. 2015) . The multi-fluid MHD simulations of solar chromosphere have shown faster reconnection rates, compared to the single-fluid Sweet-Parker prediction, and during the process of decoupling the recombination as well as the plasma outflow play a role in determining the reconnection rate (Leake et al. 2012 (Leake et al. , 2013 . The 2.5D MHD simulations of magnetic reconnection including the ambipolar diffusion and radiative cooling in the partially ionized solar chromosphere have been performed (Ni et al. 2015) . It has been found that fast magnetic reconnection develops as a consequence of the plasmoid instability and there is no need to invoke anomalous resistivity.
In this paper, we develop a non-linear model of magnetic reconnection in partially ionized plasma. Recent observation of multiple plasma ejections in chromospheric anemone jets by Singh et al. (2012) has shown a strongly time-dependent as well as the intermittent nature of magnetic reconnection in the solar chromosphere. In this paper, we argue that as the magnetic reconnection in a Sweet-Parker current sheet with a large aspect ratio goes through various regimes (strongly coupled, intermediate and weakly coupled or decoupled) in a partially ionized plasma and the reconnection will be plasmoid-induced, fast and fractal-like.
Magnetic Reconnection in Partially Ionized Plasma
The solar chromosphere is a favorable site for magnetic reconnection to occur, since the Ohmic resistivity is greatest in that region-especially at the location of the temperature-minimum (Sturrock 1999) . In a partially ionized plasma, the collisions between electron-ion, electron-neutral and ion-neutral takes place. The electron-ion and electron-neutral collisions produce an Ohmic diffusion (Piddington 1954; Cowling 1956; Ni et al. 2007; Singh & Krishan 2010) . In addition to the Ohmic diffusion, the Hall drift and the ambipolar diffusion also appears in a partially ionized plasma. In the case of solar chromosphere, the Hall effect can often be ignored (Arber et al. 2009; Singh & Krishan 2010; Malyshkin & Zweibel 2011) . The role of ambipolar diffusion has been studied analytically in the context of magnetic reconnection. It has been found that in a Sweet-Parker geometry, the ambipolar diffusion increases the reconnection rate (Vishniac & Lazarian 1999; Krishan 2009 ). Some of the observations of magnetic field in the solar chromosphere suggest that reconnection can occur at speeds ∼ 0.1 VA (Dere 1996) . Recent high-resolution observations of jets in the solar chromosphere show a strongly time-dependent and intermittent nature of magnetic reconnection in the solar chromosphere. It was for the first time that Singh et al. (2012) , based on the observations of multiple plasma ejections in the chromospheric anemone jets, suggested that if a time-dependent and bursty reconnection occurs 10 times longer than the Alfvén time scale, it can then naturally explain the observed intermittency of one to two minutes in the chromospheric jets. As a result of the ambipolar diffusion, the dissipation of currents is increased manifold compared to the standard Ohmic dissipation. The ambipolar diffusion can also contribute in the chromospheric heating and therefore the ambipolar diffusion should be included in the non-linear MHD simulations of chromospheric heating (Khomenko & Collados 2012) .
It is known that in a partially ionized plasma, a current sheet undergoes thinning and enters a regime where the neutrals decouple from ions (Brandenburg & Zweibel 1994; Arber et al. 2009 ). The strength of coupling between ion and neutrals in a partially ionized plasma can affect the reconnection rate and during the process of decoupling the reconnection rate could increase. The Alfvén speed in a decoupled regime is defined with respect to the ion mass density alone (Zweibel 1989) . The multi-fluid MHD simulations show that, as a result of current sheet thinning and elongation, a critical Lundquist number (S critical ) is reached in a partially ionized plasma and the plasmoid formation starts (Leake et al. 2012 (Leake et al. , 2013 . During the current sheet thinning a stage is reached where the neutrals and ions decouple, and reconnection rate faster than the single-fluid Sweet-Parker prediction is observed in such multi-fluid simulations. The ion and neutral outflows are well coupled in the multi-fluid MHD simulations in the sense that the difference between ion and neutral outflow is negligible compared to the magnitude of the ion outflow.
Nonlinear and Intermittent Nature
The breakup of Sweet-Parker current sheets with large aspect ratios and formation of plasmoids as a result of the tearing mode instability appears to be a generic feature of the reconnecting systems Samtaney et al. 2009; Loureiro et al. 2007 Loureiro et al. , 2012 . There are number of theoretical studies on tearing mode instability that show the dependence of the growth rate of the instability on the ion-neutral collisions (Zweibel 1989; Zweibel et al. 2011) , the flows (Ofman et al. 1991; Loureiro et al. 2007) , the Hall drift (Baalrud et al. 2011) , and the two-fluid effects (Mirnov et al. 2004) . In this work, we focus on the role of ion-neutral collisions on tearing mode instability and fractal-like reconnection. The growth rate (γ) of tearing mode instability depends upon the extent of coupling and partial ionization in a partially ionized plasma as (Zweibel 1989; Zweibel et al. 2011 )
where γ⋆ is the growth rate of tearing mode instability in a plasma where the Alfvén time is defined with respect to ions and the diffusion time includes Ohmic diffusivity, νni is the neutral-ion collision frequency, and ρn, ρi are the neutral and ion mass densities respectively. For γ/νni ≪ 1, there exists a strongly coupled regime in a partially ionized gas. Apart from the strongly coupled regime, there exists an intermediate regime and a decoupled regime (Zweibel 1989 
Strongly Coupled Regime
Equation (1) in a strongly coupled regime reduces to
. Lets consider the tearing mode instability in a Sweet-Parker current-sheet width that has a thickness and length of δn and λn respectively, and n in the subscript refers to the nth-level tearing. So, the next level tearing will be (n + 1). For n = 0, δ0 corresponds to the initial width of the current sheet. Such a Sweet-Parker current sheet becomes unstable to the secondary tearing if
where the timescale tn refers to the the growth time of the tearing mode instability occurring at maximum rate and it is given
where VAi is the Alfvén speed determined by the ion density and VA is the Alfvén speed determined by the total density as VA = VAif 1/5 and τAi = δn/VAi. It was shown by Zweibel (1989) that by introducing VA, the form of growth rate of tearing mode instability becomes similar to Furth et al. (1963) , hereafter FKR. Equation (4) can be simplified further to
where τA = δn/VA. The works by Sonnerup (1981) ; Biskamp (1986 Biskamp ( , 1992 can be referred for theory of the secondary tearing in the Sweet-Parker Current Sheet. Remember here that λn/VA gives the time in which the perturbation is carried out of the current sheet by the reconnection flow. So, we get
If the Eq. (6) is satisfied during the strongly coupled regime, the secondary tearing of the Sweet-Parker current sheet occurs, leading to the current sheet thinning in the nonlinear stage of the tearing mode instability. During this stage, the thickness of the Sweet-Parker current sheet is determined by the most unstable wavelength (≃ 6δnR 1/4 m * ,n ) of the secondary tearing mode instability, i.e.,
where Rm * ,n = δnVAf 1/5 /η. The critical wavelength for the tearing mode instability is an important deciding parameter here (See . The instability starts when the Sweet-Parker current sheet becomes longer than the critical wavelength of tearing mode instability, given here by Eq. (7). The current sheet will continue to thin and when the current sheet thickness reaches
further tertiary tearing instability occurs. Such subsequent tearing will occur again at a smaller scale. It follows from Eqs. (6) and (7) that
where
It should be noted here that for f = 1, the Eqs. (9) to (11) reduces to that of . The fractal tearing in strongly coupled regime continues till the current sheet thickness reaches the microscopic scale of interest. With a different
the Eq.(9) can be rewritten as
In the strongly coupled regime, we can estimate how many secondary tearings are required to reach a length scale of VA/νni. Here VA is the bulk Alfvén speed given by VA = B/(4πρ total ) 1/2 and νni is the neutral-ion collision frequency.
The ionization fraction is calculated from a photosphericchromospheric model given in Cox (2000) . In the model given in Cox (2000) , a hydrostatic equilibrium is assumed and the number densities in the solar atmosphere is determined by solving the equations of radiative transfer and statistical equilibrium (without Local Thermodynamic Equilibrium). The ionization fraction and the collision frequencies are plotted as a function of height in the solar atmosphere (FIGS. 1a,b). The effect of nonequilibrium hydrogen ionization on the dynamical structure of the solar atmosphere and hydrogen line formation is studied in the 2D simulations of Leenaarts et al. (2007) . The simulations of Leenaarts et al. (2007) show that the chromospheric populations of the hydrogen (with principle quantum number = 2 level) are coupled to the ion populations and the ionization fraction is also affected by the shock propagation in the solar chromosphere. The minimum ionization fraction (∼ 10 −6 ) in Fig. 1a turns out to be smaller than the non-equilibrium hydrogen ionization case (ionization fraction ∼ 10 −5 ). Refer to Singh & Krishan (2010) for the further details on the calculation of the collision frequencies in the solar atmosphere. The magnetic field strength in the solar atmosphere is calculated using a power-law dependence B = B0(ρ/ρs) α , where B0 and ρs are the magnetic field and the total mass density at the solar surface respectively. Figure 1c shows the variation of magnetic field strength as a function of height and its dependence on the surface magnetic field and α. The neutral-ion collision frequency can be calculated from νni = (ρi/ρn)νin. The ion-neutral collision frequency (νin) is given by νin = nnµin
Σin (see Khodachenko et al. 2004; Singh & Krishan 2010 the current sheet to 3 × 10 −4 L. We will see in the later sections that since VAi/νin is of the order of 10 −4 L, the plasma will shift from strong to decouple regime through the intermediate state. The time scale of n-th tearing (tn) in the strongly coupled regime is
Now, if we introduce t0 as
and A0 = 6 2/3 R −1/6 m * ,0 f 1/6 , and Rm * ,0 = δ0VAf 1/5 /η, then the scaling relations similar to for δn/δ0, tn and tn/tn−1. The time (t total ) taken from t1 to tn for the solar chromospheric conditions becomes
Intermediate Regime
For νni ≪ γ ≪ νin, there exists an intermediate regime. The growth rate (Eq. 1) of tearing mode instability reduces to
where νin is the ion-neutral collision frequency. The SweetParker current sheet becomes unstable to secondary tearing if
Here we use rather restrictive condition because on the large scales the plasma can be coupled. The growth time of the tearing instability at maximum rate (tn) and it is given by
In the intermediate regime, the time for the reconnection flow to carry the perturbation out of the current sheet is λn/VAi, we get
The most unstable wavelength of the secondary tearing instability is given by
While deriving Eq.(27), Rm * ,n = δnVAi/η is taken. As the current sheet thickness arrives at
further tertiary tearing occurs. It follows from Eqs. (20) and (21) that
where 
The Eqs. (23) and (24) are new equations in terms of scalings and they are fundamentally different from . The Eq.(23) further leads to
For the current sheet thinning in the intermediate regime, we can estimate how many secondary tearings would be required to reach to a scale where the reconnection approaches a decoupling scale. The length scale of the decoupling is given by
Substituting the typical numbers in the solar chromosphere,
For VAi = 300 kms −1 and νin = 10 5 s −1 , L dec = 300 cm. The Alfvén velocity w.r.t. ions could be 10 times higher and then the L dec = 3 × 10 3 cm (about 10 −4 L). If we use tnνin = 1 from Eq.(24) and calculate δn/L then we get δ decouple = (ηVAiν
The variation of (VAi/νin) is plotted as a function of height in the solar atmosphere (FIG. 2b) . Taking the typical solar chromospheric values, δ0 = 10 5 cm, L = 5 × 10 7 cm, η = 10 7 cm 2 s −1 , we find Rm = 10 8 and A ∼ 0.09. Since δn should be smaller than the typical decoupling scale (
This inequality gives that in about four secondary tearings (n = 4), the δn approaches 10 −4 L. The time scale of n-th tearing is
Eqs. (33) and (34) lead to
where A0 , and Rm * ,0 = δ0VAi/η and τAi = δ0/VAi, we find
Thus we obtain
for n ≥ 1. It follows from this equation that
Using Eq. (38), we can get the total time t total as t total ≤ t0A
Now the t total can be calculated taking the typical solar chromospheric conditions and δ0 = 10 4 cm which is of the order of VA/νni. We get
For δ0 = 10 5 cm, we get t total ≤ (3 × 10 −2 )t0. It is important to note that the time-scale t0 appearing in Eq. (40) is given by Eq. (34).
Decoupled Regime
At this stage the current sheet width as reached to a stage where δ0 = L dec . In the decoupled regime (γ ≫ νin), the Eq. (1) reduces to γ = γ⋆. The scaling relations derived by can be used by taking the Alfvén speed w.r.t ions i.e.
Then Eq. (41) leads to
For the typical solar chromospheric values mentioned earlier, this gives A(= 6 2/3 R −1/6 m ) ∼ 0.15. After ten secondary tearings, the current sheet width reaches to a scale where δn ∼ 10 −5 L. Taking t0 as
and using the scaling relation for tn from , we get t total as Figure 3 shows the width of the current sheet normalised by the length of the current sheet at the n-th level of tearing for two different assumptions for the decoupling length scale using different models for the magnetic field and different heights in the solar atmosphere. For panels (a) and (c) we assume that the decoupling length scale is determined by L dec = VAi/νin and for Panels (b) and (d) we take L dec = (ηVAiν
Results
in ) 1/3 . The key difference between these two is the second has smaller decoupling lengths, which makes it harder to tear down to the decoupling length scale.
For the case shown in panels (a) and (c), the decoupling length scale is sufficiently large that for both cases under study the decoupling length scale is reached. This happens in under 5 tearings for all cases shown here. However, it is only the case with the strongest magnetic field where the system reaches down to the kinetic scales.
For the case shown in panels (b) and (d), the decoupling length scale is much smaller so that in only the case with the strongest magnetic field where the decoupling length scale is reached. This happens in on the 12th-tearing, after which the system approaches the kinetic scales. In all cases it is very interesting to note that for the lower ion Alfvén velocities (implying either higher ionisation fraction or a lower magnetic field strength) the fast reconnection regime is not achieved.
It is possible to determine if a system can reach the the kinetic scale purely by assessing the asymptotic limit of Eq. (44), i.e.:
Therefore, to reach the kinetic scales found at 10 −7 L, we require A ≤ 0.0681 or a Lundquist number of Rm ≥ 1.3 × 10 10 .
For the resistivity and current sheet length used in the paper we require an ion Alfvén velocity of VAi = 2.6 × 10 9 cm s −1 and η = 10 7 cm 2 s −1 . This naturally places a strong constraint on the particular chromospheric conditions where fast reconnection can occur, with the general implication that a strong magnetic field is a necessary requirement to achieve this. It is also important to note the importance of the factor 6 2/3 found in A (see Eq. 12) plays an important role in this limit, i.e. the factor is equal to 6 4 . In other works, e.g. Sturrock (1994) , this factor is taken as 2π/1.4 ∼ 4.5 which would result in a factor of 3 reduction in the limit given by Equation 47.
Current sheet width
In this analysis, we have assumed that the initial current sheet width is given by the Sweet-Parker scaling. However, when we consider ion-neutral drift, it is possible that the current sheet will undergo thinning as a result of the neutrals leaving the current sheet before reconnection takes place. In fact, this drift velocity in the current sheet was estimated to be approximately 1 kms −1 by Singh et al. (2011) . There are a number of simple ways with which the new current sheet width can be estimated, and we provide a few of these here. At first we try to find out the width of the current sheet at the point where the ambipolar diffusion balances the Ohmic diffusion. This is given by the following equation:
for some distance from the centre of the current sheet (L0). Brandenburg & Zweibel (1994) showed that the magnetic field takes the distribution of B ∝ x 1/3 , therefore we have:
Implying that
This new current sheet width L0 can be seen as analogous to the new current sheet width found for the Kippenhahn-Schlüter prominence model by Hillier et al. (2010) . Another possibility is that there exists a weak guide field component in the centre of the current sheet. In this case the ambipolar diffusion squeezes the current sheet until this guide field becomes strong enough to support it, this was numerically investigated by Arber et al. (2009) . In this case we are looking for a balance between the external magnetic field (Bex) and the guide field after it has undergone compression to Bnewg. Through flux conservation, the original guide field (Bg) roughly relates to (Bnewg) in the following way:
where Lcs is the original width of the current sheet. As we need the point were Bex = Bnewg we get:
This estimate can be seen as consistent with the thinning found in the numerical experiments as shown in Figure 12 of Arber et al. (2009) .
It is interesting to note that the nature of the equation for the current sheet width at the n-th tearing (Eqs. 13, 27 and 44 ) implies that we do not have to be overly concerned about the initial width of the current sheet from the point of view of whether or not we can have fast reconnection. As eq. 33, in the limit of x → ∞, becomes δ∞/L = A 3 , which is independent of the initial current sheet width. To state this simply, reaching the decoupling length scale is independent of the initial current sheet width. It does, however, play a role in determining how many levels of tearing are necessary to reach this width, and so may be important for speeding up the process of reaching the decoupling length scale.
Critical Lundquist Number
The multi-fluid, two-dimensional MHD simulation in a Harris type current sheet shows fast reconnection and plasmoid formation in the solar chromosphere (Leake et al. 2012 (Leake et al. , 2013 . It is noticed in the simulations that as a result of current sheet thinning and elongation , the plasmoid instability in the MHD simulation starts when the aspect ratio (= λn/δn) approaches 200 and the S critical ∼ 10 4 (Leake et al. 2012) . Biskamp (1986) also noticed that for sufficiently long current sheets the tearing mode becomes unstable despite of the stabilizing effect of the inhomogeneous flow. In an intermediate regime in partially ionized plasma, the maximum growth rate of tearing mode instability is given by Eq. (17). This relation is based upon the FKR-theory but gets modified due to the ion-neutral collisions. The SweetParker current sheet becomes unstable to tearing mode when
From Eq. (18), we get
The Eq. (53) can be re-written as
and that further reduces to 
where Rms = (λnVAi/η) and Aaspect is the aspect ratio of the Sweet-Parker current sheet given by Aaspect = (λn/δn).
The Sweet-Parker reconnection rate (MSP) is given by MSP = R 
For the secondary tearing to occur the critical aspect ratio should be
This gives Aaspect ∼ 250 if we consider δn = δ0 = 10 4 cm, νin = 10 5 s −1 , η = 10 7 cm 2 s −1 . The current-sheet width used in Eq. (57) 
It should be noted that the S critical obtained here is similar to the value reported in multi-fluid MHD simulations. There are even higher values of Aaspect that are reported in the simulations of Leake et al. (2013) . While noticing that the S critical depends upon the Prandtl number as well Loureiro et al. (2013) it is important to mention here that if we take slightly different values of η = 10 6.5 cm 2 s −1 and νin = 10 6 s −1 and keep the current sheet width unchanged in Eq. (57), we get Aaspect ∼ 1000 and S critical ∼ 10 6 .
Discussions
The magnetic reconnection, as it proceeds from a coupled regime to a decoupled regime, undergoes rapid changes in the tearing mode time scale. Once the tearing mode instability develops, the plasmoids are formed. The role of two-dimensional flows on the current sheet and plasmoid formation is studied by Loureiro et al. (2007) . The maximum growth rate of tearing mode in Loureiro et al. (2007) scales with Lundquist number as
m (VA/L) where Rm = LVA/η, and the corresponding wave number scales as kmax ∼ R 3/8 m . It should be noted here that the scalings based on FKR theory (without including effect of shear flow) on Sweet-Parker current sheet leads to the scaling laws that are consistent with Loureiro et al. (2007) , so a simple application of Zweibel (1989) would provide correct answer to the problem. The formation of plasmoids and its ejection from the long and thin current sheet lead to a nonlinear instability and fractal like reconnection. The current sheet thickness (δn/L) is shown in the n-th secondary tearing for the intermediate and the decoupled regimes. The relevant time scales of fractal tearing are also calculated for an intermediate coupling and decoupled case in partially ionized plasma. The tearing mode time scale (t0) could lie between 10 s -150 s (c.f. Nishizuka et al. 2011 ). This gives t total = 0.6t0 between 6 s -90 s in the decoupled regime. It is clear that although the main energy release is explained by the fast reconnection, the plasmoid induced instability and fractal tearing can produce a very thin current sheet in a partially ionized plasma. The shift in the regimes from strongly coupled to weakly coupled is one of the important component in the fast magnetic reconnection in partially ionized plasma. As a result of the plasmoid mediated processes in a partially ionized plasma, there could be few more regimes that will bring the scale down to ion-skin depth or ion-Larmor radius due to the Hall or kinetic effects (e.g. Daughton 2009; Shepherd and Cassak 2010).
As is clear from Figure 3 , it is not necessarily the case that reconnection occurring in a partially ionized plasma will reach the kinetic scale. In fact, we have been able to estimate the required Lundquist number (based on the ion Alfvén velocity) for kinetic scales to be reached as Rm ≥ 1.3 × 10 10 , i.e. this is the Rm required to allow the tearing instability to still be important down to kinetic scales. When it is possible to reach these small scales due to multiple tearings, the reconnection has to pass through three distinct regimes: the coupled regime, the intermediate regime and the decoupled regime. As the decoupling of the Alfvén waves happens before the decoupling of the instability, it can be expected that the reconnection dynamics undergoes multiple transitions. It is worth noting that there is another scale that we have not considered here, the Hall lengthscale, which is related to the lengthscale at which ions become demagnetised. We plan to investigate how the inclusion of Hall physics influences the cascade we describe in a future work.
The passage through reconnection regimes will be characterised by the development of the decoupling of the neutrals from the reconnection dynamics, first by decoupling from the plasma then the plasma decoupling from the neutrals. This does not mean that that these neutrals are never to feel the ions again, on the contrary the ions will recouple to the neutrals and even then later the neutrals will recouple to the plasma as the reconnected plasma is ejected from the current sheet and starts an inverse cascade, partially through plasmoid merger, to connect to the global reconnection dynamics. This coupling process will allow for very short periods of time, protons and electrons to reach very high temperatures (∝ V 2 Ai ) before they collisionally lose their heat to the neutrals. It is possible that high frequency observations of chromospheric reconnection would reveal the presence of high energy thermal emission (potentially in γ-rays) at the reconnection site.
In this paper, we have presented a mechanism for reaching kinetic scales through reconnection in a partially ionized plasma. The interesting problem that we have addressed here is important to the basic physics of magnetic reconnection in the solar chromosphere, and could potentially be applied in other partially ionized, astrophysical plasmas. However, there is still one question that we must address: Is significant flux reconnected at small scales? This is a point of great interest as if only a small amount of flux is being reconnected quickly, it is unlikely that the global reconnection rate would greatly differ. To discuss this, we use the results from two studies performed on the plasmoid instability in a fully ionized plasma. Huang & Bhattacharjee (2012) gives the distribution of the frequency of plasmoids with a given flux as f (ψ) ∝ ψ −1 and Uzdensky et al. (2010) gives f (ψ) ∝ ψ −2 . For the former, this implies that the total flux reconnected at any scale should be the same as any other scale, the latter implies that the reconnected flux is dominated by small scales with a ψ −1 distribution. Therefore, this leads us to believe that significant flux is reconnected at small scales, allowing the cascade to collisionless reconnection that our model describes to present a significant increase in the reconnection rate.
